International Conference on Nanomaterials and Biomaterials (ICNB 2017) IOP Publishing
IOP Conlf. Series: Materials Science and Engineering 350 (2018) 012002 doi:10.1088/1757-899X/350/1/012002

Phase Composition, Crystallite Size and Physical Properties of
B,0O;-added Forsterite Nano-ceramics

S Pratapa’, A Chairunnisa, U Nurbaiti?, W D Handoko*

1 Department of Physics, Faculty of Mathematics and Sciences, Institute of
Technology Sepuluh November (ITS), JI. Arief Rahman Hakim, Surabaya 60111,
Indonesia

2 Department of Physics, Faculty of Mathematics and Natural Sciences, Semarang
State University, JI. Raya Sekaran Gunung Pati, Semarang 50221, Indonesia

Abstract. This study was aimed to know the effect of B,0O5 addition on the phase composition,
crystallite size and dielectric properties of forsterite (Mg,SiO,) nano-ceramics. It utilized a
purified silica sand from Tanah Laut, South Kalimantan as the source of (amorphous) silica
and a magnesium oxide (MgO) powder. They were thoroughly mixed and milled prior to
calcination. The addition of 1, 2, 3, and 4 wt% B,0;to the calcined powder was done before
uniaxial pressing and then sintering at 950 °C for 4 h. The phase composition and forsterite
crystallite size, the microstructure and the dielectric constant of the sintered samples were
characterized using X-ray diffractometer (XRD), Scanning Electron Microscope (SEM) and
Vector Network Analyzer (VNA), respectively. Results showed that all samples contained
forsterite, periclase (MgQO) and proto enstatite (MgSiOs) with different weight fractions and
forsterite crystallite size. In general, the weight fraction and crystallite size of forsterite
increased with increasing B,O3 addition. The weight fraction and crystallite size of forsterite in
the 4%-added sample reached 99% wt and 164 nm. Furthermore, the SEM images showed that
the average grain size became slightly larger and the ceramics also became slightly denser as
more B,O3; was added. The results are in accordance with density measurements using the
Archimedes method which showed that the 4% ceramic exhibited 1.845 g/cm3 apparent
density, while the 1% ceramic 1.681 g/cm®. We also found that the higher the density, the
higher the average dielectric constant, i.e. it was 4.6 for the 1%-added sample and 6.4 for the
4%-added sample.

1. Introduction

Forsterite (Mg,SiO,) can be considered as a functional material since it has a wide range potential of
applications. Their interesting physical properties such as high melting point (approximately 1850 °C),
low thermal expansion (below 2x107° °C™) [1], good chemical stability and high-temperature thermal
insulation [2] make suitable for refractory component. Moreover, pure forsterite is known to exhibit
thermal expansion behavior which fits in the solid oxide fuel cell (SOFC) system as it is comparable to
that of the SOFC components [3]. Forsterite also has low dielectric constants (¢’ of 6.5 and &” at an
order of 10™*) which match the requirement for microwave communication [4,5].

Forsterite solid ceramics were produced by several methods, including microwave sintering [6] and
solid-state reaction [3]. The raw materials can be commercial magnesia products and commercial
silica products [6, 7] or silica from natural sources [3,8]. There have been syntheses of nano-forsterite
powders [9-11] in the literature, none of nano-forsterite ceramics, particularly those which were made
from silica sand as the silica source.
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Boria (B,0s) has been used as a sintering agent to favor the densification of ceramics during sintering
[7,12]. Since boria melts at 480 °C, sintering a boria-containing nano-forsterite compacted powder at
high temperature is a strategy to obtain nano-forsterite ceramics. Provided the sintering temperature is
below the reaction temperature between boria and the components of the ceramics, an improved
densification can be expected without significant grain or crystallite growth of the major phase.

Here, we report the synthesis and characterization of boria-added forsterite nano-ceramics. The raw
materials were commercial magnesia and Indonesia local sand-derived silica. The effects of boria
addition on the phase composition, density-porosity, crystallite and grain sizes, and dielectric constant
of the forsterite ceramics were examined.

2. Materials and methods

This research used a purified natural silica sand which was taken from Tanah Laut, South Kalimantan
as the source of silica and MgO powder (Merck) which contained some magnesium hydroxide
(Mg(OH),). The silica sand was purified through screening-washing, milling, magnetic separation,
immersion in a 2M chloride acid finally drying at room temperature to obtain a white silica powder.
This powder was further processed with reaction using NaOH to obtain NaSiOs and then titration with
HCI to gain amorphous silica powder. The water in the MgO powder was removed by heating at 400
°C for 30 mins. The amorphous silica and the treated MgO powders at a molar ratio of 1:2 were then
mixed with 3 wt% addition of poly(vinyl) alcohol through ball milling for 3 h. The mixture was
calcined at 950 °C for 1 h to produce forsterite nanopowder. Manual grinding was applied to the
powder to give finer forsterite powder, mixed with B,O; powder at 1, 2, 3 and 4% by weight as a
sintering agent. The sintering was done to the uniaxially-pressed powders at 950 °C for 4 h to produce
B,0s-added forsterite nano-ceramics.

The phase analyses were applied to the laboratory x-ray diffraction (XRD) data which were collected
from all ceramic samples using an Empyrean PANalytical XRD. The XRD used a Cu target and was
operated at 40 kV and 30 mA with 26-range between 15 and 65°2 6 and 0.017 °2 0 step-size.The phase
composition analysis on the XRD data was done using Rietica software [13].

The characterizations of the ceramics included diameter shrinkage, porosity and density, Vickers
hardness, thermal expansion and dielectric constant. The porosity and density of the ceramics were
determined using the Archimedes method following the Australian Standard No. 1774.5-2014. A
transmission phase-shift method has been employed to an Advantest R3770 vector network analyzer
connected to an A-INFOMW WG P/N 90WCAN rectangular waveguide to acquire the dielectric
properties of the ceramics at a microwave frequency from 8 — 12 GHz. SEM micrographs were also
collected from the fractured surface of the sintered ceramics using FEI Inspect-S50.

3. Results and discussion

Figure 1 presents the XRD pattern (CuKa radiation) of the calcined powder. Phase identification
showed that the powder contained forsterite (Mg,SiO,), proto-enstatite (MgSiO;), periclase (MgO)
which referred to PDF number 34-189,3-523, 43-1022 respectively. Further analysis using Rietveld
‘ZMV’ method revealed that the corresponding weight fractions of these phases were 86.8, 9.9, and
3.2%. It means, the synthesis has produced forsterite as the dominating phase through presumably
direct reaction of 2MgO+SiO,—Mg,SiO4 . Meanwhile, proto-enstatite was yielded through
MgO+Si0,—MgSi0O;. These results indicate that the reaction between silica and magnesia (a) was
incomplete since there was some magnesia excess and (b) occurred in a non-homogeneous mixture.
The latter can be concluded from the fact that forsterite, proto-enstatite, and periclase are
simultaneously identified in the powder. This powder synthesis result is in accordance with such a
forsterite synthesis where quartz powder was used as the raw material [3]. Further analysis using
MAUD software, after an instrument broadening correction, showed that this powder exhibited a
crystallite size of approximately 100 nm. Therefore, a relatively high content, nanometric forsterite
powder has been successfully produced using the method mentioned above.
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Figure 1. XRD pattern (CuKa radiation) of the calcined powder.
* = forsterite (Mg,SiOy); + = proto-enstatite (MgSiOs);
o0 = periclase (MgO).

Then, XRD data analyses were done to provide the structure, the phase composition and the crystallite
size information of forsterite in the sintered ceramics — the patterns are shown in Figure 2. In general,
the ceramics contained only forsterite and periclase, except the 1%-added (A) sample which also had
proto-enstatite. The figure shows the diminishing of proto-enstatite and reducing peak intensity of
periclase, which, in general, suggests that the amount of added boria affects the formation of forsterite.
Table 1 displays the weight fraction of forsterite in the B,Os;-added nano-forsterite ceramics. It is
obvious that addition of 4 wt% of boria results in a nearly pure forsterite ceramic, which is not
achieved in the powder. It is argued, then, that boria has favored the formation of forsterite. Sintering
at 950 °C for 4 h allowed the melted boria to homogenize the distribution of the silica (or more exactly
the proto-enstatite) and magnesia particles to form forsterite through MgO+MgSiO3;—Mg,SiOy4. The
results also imply that besides the identified periclase crystallites there should be some amorphous
silica excess in the ceramic samples. To summarize, the addition of boria caused the improvement of
the forsterite formation in the ceramics.

Table 1 also presents the crystallite size of forsterite from further XRD data analyses of the ceramics.
The addition of boria from 1% to 4% has increased the crystallite size from 104 nm to 164 nm. It
appears that the boria addition cannot fully withstand the crystallite growth of forsterite. The presence
of melted boria during sintering not only homogenized the distribution of particles from different
phases but also promoted crystallite growth of the same phase. Nevertheless, the 4% sample still
exhibited sub-nanometric characteristics.

The density-porosity characters of the ceramics are also presented in Table 1. An increase in density
(therefore a decrease in porosity) with the addition of boria is evident. It is worthing to note that the
ceramics are still very porous, presumably due to the low sintering temperature. Figure 3 shows the
SEM micrographs which support this results. Reduction of porosity is apparent but not significant.
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Figure 2. XRD pattern (CuKa radiation) of the B,0s-added ceramics.
* = forsterite (Mg,SiO,4); + = proto-enstatite (MgSiOg);
o0 = periclase (MgO).

Table 1. Weight fraction and crystallite size of forsterite in the B,Os-added nano-
forsterite ceramics and their apparent density-porosity characteristics.

Weight Fraction (%)

Saml Crystallite ~ Density  Porosity
ampe Forsterite  Periclase Proto- size (nm) (g/em’) (%)
enstatite
A 95.3#).7 4.54.3 0.2 104413 1.68 44.3
B 95.64.8 4.440.3 0.0 11046 1.70 38.2
C 95.74.3 4.3#.3 0.0 118+19 1.82 36.9
D 99.14#0.8 0.9#40.1 0.0 164424 1.85 25.5

Considering higher sintering temperature is possible, yet the crystallite size would be sacrificed as a
result of a synthesis trade-off.

Figure 4 depicts the dielectric constant ¢, plots against frequency of the ceramics. Clearly, the
dielectric constant of the ceramics is frequency-dependent. There are, for example, three distinct peaks
for each sample at 8.4, 10.5 and 11.5 GHz. Moreover, the ranges of the dielectric constant value are
4.0-7.5, 4.0-7.5, 4.5-7.5 and 4.5-7.8 for sample A, B, C, and D respectively. The average dielectric
constant was 4.6 for the 1%-added sample and 6.4 for the 4%-added sample. These ranges are slightly
different and their fluctuations are insignificant. In addition, these values are low, as also found by
others [3,14,15]. Therefore, the ceramics exhibited dielectric properties which make them appropriate
for millimeter-wave communication applications.

4. Conclusions

This study showed that forsterite-based nano-ceramics can be synthesized via a solid reaction between
amorphous silica, which was derived from natural silica sand, and magnesia powders. The nano-metric
size of the forsterite can be retained with the largest size reached a value of 164 nm after 4 wt% boria
addition. The addition also caused a significant increase in the weight fraction of forsterite and a
decrease in porosity. Interestingly, although slightly frequency-dependent, the real dielectric constant
of the ceramics are similar in their values.
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Figure 3. SEM micrographs of fractured surface of the B,O_-added
ceramics.
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Figure 4. Frequency-dependent dielectric constant & of the B,O_-added
ceramics.
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